Thin-film PV modules grown on flexible, light weight, thermally stable and low cost substrates such as stainless steel foil, are an attractive product for solar market applications. When metal foils are used as substrate, it is essential to deposit a dielectric barrier layer to isolate electrically and chemically the thin-film solar cells front the substrate. In this work, SiOx stacks deposited on 'rough' stainless steel by a combination of a new sol-gel formulation and a Plasma Enhanced Chemical Vapor Deposition (PECVD) deposition step are reported as a suitable dielectric barrier layer candidate. Using these SiOx multilayers, a smooth and homogeneous film was achieved. X-ray diffraction (XRD) analysis showed that back contact of the solar cell (based on Molybdenum) is not affected by the presence of the barrier layer. Moreover, according to X-ray photoelectron spectroscopy (XPS) and Secondary Ion Mass Spectrometry (SIMS) measurements, this approach led to excellent barrier layer properties against the diffusion of impurities from the stainless steel. A complete electrical characterization of these dielectric barrier layers was also carried out showing good electrical insulation. GRAPHICAL ABSTRACT RESEARCH HIGHLIGHTS -Dielectric barrier layer for flexible metallic substrates has been developed. -SiO x based on Sol-Gel process showed a novel chemical formulation. -The dielectric barrier layer exhibits a dielectric breakdown voltage about 1000 V for a 4 microns thick stack. -Dielectric barrier layer was capable to reduce the surface roughness by 40-50%. -This research opens new challenges for low cost thin-film manufacturing.
INTRODUCTION
One of the challenges for photovoltaic (PV) market applications is to be able to manufacture efficient low cost optoelectronic devices based on suitable low cost materials and processes. Therefore, there is an industrial interest to transfer conventional manufacturing process from thin film PV technologies (CIGS and CZTS) based on glass to alternative low cost materials. [1] [2] [3] [4] [5] [6] [7] Furthermore, new substrates for thin-film PV devices will open new market opportunities and features such as flexibility, low weight, low cost, roll-to-roll manufacturing, etc. It is believed that these PV modules are the ideal candidates for PV markets such as Building Integrated Photovoltaic Applications (BIPV) and distributed generation in rooftops. Stainless steel is often identified as one of the best alternative candidate to rigid glass substrates traditionally used for thin-film PV modules. [8, 9] However, an extra layer must be added to the stainless steel, named dielectric barrier layer, to make it compatible with the thinfilm PV modules, guaranteeing their performance and their electrical interconnection through the so-called monolithic integration process.
The dielectric barrier layer and its application on the metallic substrate must be designed with the following functions: (i) inhibit diffusion of transition metallic elements (Fe, Cr, Ni) from the stainless steel substrate to the semiconductor structure of the solar cell; (ii) reduce the surface roughness of the substrate as much as possible in order to ensure low cost and to minimize the pinholes creation; (iii) mechanically stable to avoid failures during the subsequent thermal annealing like delamination or presence of cracks. This is achieved by designing the layer with a coefficient of thermal expansion (CTE) similar to those materials in contact with it; (iv) provide electrical insulation between the metallic substrate and the back contact of the solar cell. This feature is critical in order to monolithically integrate the neighboring solar cells to build the thin-film PV module. [3] Numerous examples consisting of Al 2 O 3 , ZnO, SiO 2 or enameled layer, deposited by sputtering, sol-gel, PECVD or spray techniques have been previously investigated. [10] [11] [12] [13] [14] Nevertheless, few of them report on the electrical properties of these layers and the effect of surface roughness on the dielectric function.
The aim of this work was to develop and integrate dielectric barrier layers on commercially available stainless steel foils with high surface roughness and low cost. In the present work, the feasibility of dielectric barrier layers based on SiO x stacks has been studied. These SiOx stacks were grown by a combination of sol-gel and Plasma Enhanced Chemical Vapor Deposition (PECVD). It is well documented that one of the most common failures in this barrier layer is the mechanical stability, during and after the post-thermal annealing which is the process responsible for the formation of the CIGS or CZTS semiconductor. [8] Moreover it is demonstrated that, these mechanical failures can be solved by the insertion of SiO x multilayers between the back contact film (Molybdenum) and the stainless steel substrates. The processed samples were 100x100 mm 2 , which shows the scalability of the proposed process technology.
EXPERIMENTAL

Material selection
In the recent years, several related works have shown that flexible metals such a have Al, [15] Ti, [16] and steel [10, 9] can yield performances close to soda lime glass (SLG).
Steel is a competitive material against Ti or Al in terms of both cost and physical properties (mechanical, thermal and coefficient thermal expansion). Moreover, steel meets requirements of a PV substrate since it is very good barrier to oxygen and water, and robustness against external shocks thanks to its good weight/stiffness ratio. Table 1 presents some technical data for potential candidates to substitute glass, such as density, CTE and maximum surface roughness [2] . To replace soda lime glass ensuring similar CTE and low cost, the selected substrate was stainless steel AISI430, 0.2 mm thickness and 100x100mm 2 active area (average roughness (Ra=0.23±0.04µm) and peak-to-valley roughness (Rt=1.51±0.33µm)).
The material proposed in this work as dielectric barrier multilayer is SiO x , which CTE (1-9·10 -6 K -1 ) is similar to the AISI430 stainless steel substrate (10-11·10 -6 K -1 ) and Mo back contact (5-6·10-6 K -1 ) of the solar cell. [2] Moreover, the SiO x , due to its strong ionic interatomic bonding, allows the impurity blocking. Finally, its dielectric character provides suitable electrical insulation between the stainless steel substrate and the electrode of the solar cells.
Processing
In order to analyze the barrier layer properties of the SiO x stacks, two alternative structures based on PECVD and sol-gel have been deposited on the AISI430 stainless steel substrate, shown in Figure 1 Then, 2 mL of precursor solution was deposited on the steel substrate by spin-coating To measure the dielectric properties and the impurity diffusion through the SiO x stack a Molybdenum bilayer structure, suggested by Scofield et al, [20] was deposited by magnetron sputtering, with a total thickness of 800 nm to ensure good mechanical and electrical properties of the back contact.
Characterization
Surface roughness of all samples was characterized with a mechanical profilometer (model Ambios XP1, Ambios Technology), following the ISO 4287 protocol. Scotch adhesion tests were performed based on ISO 2409 protocol. Depth profiling of the barrier layers and potential diffusion of metallic elements from the metallic substrate was performed by Secondary Ion Mass Spectrometry (TOF-SIMS) from a CAMECA system, using 5 keV primary Ar + ions. Cross sections and top surface of the barrier layers were studied with a Scanning Electron Microscope (SEM), from Hitachi S4800.
The film structure was analysed by X-ray diffraction (XRD) using a Philips Panalytical X'Pert X-ray diffractometer. X-ray photoelectron spectroscopy (XPS) is an ideal technique for analyzing the surface composition and the diffusion process of stainless steel elements such as Fe, Ni or Cr. XPS equipment used in this work was a VG ESCALAB210 with a monochromatic X-ray source Aluminum K α line with 1486.6 eV.
Depth profiles analyses were obtained by sputtering the surface with an Ar + ion source.
Electrical properties of the SiO x stacks were measured using an Agilent 34401A source meter coupled to a DC power supply. [21] 3. RESULTS AND DISCUSSIONS
Adhesion, morphology and microstructure
The BL-01 and BL-02 SiO x stacks were initially kept at 85 ºC during 1000 h, and then submitted to periodic thermal cycles from -25 ºC to 85 ºC during 300 hours in order to stress them thermally and mechanically. After these thermal cycles, no evidence of cracks was found in any of the stacks. Furthermore, these layers showed a pencil hardness of 6HB, and the Scotch test was successfully conducted. [22] These results showed that the combination of this novel sol-gel formulation and the PECVD process, were a promising dielectric layer candidate since it passed all mechanical tests. Previous works with similar stack structure could not withstand a thermal treatment, which lead to mechanical failures. [10, 23] The SEM images of the samples showed dense, compact, continuous and uniform layers without any cracks in any of the proposed structures ( Figure S1 ). Cross-section SEM images indicated that no tubular microstructure was present in any stack. Low density tubular growth is expected in magnetron sputtering processes and leads to various types of electrical failures such as pinholes or chemical contamination of the semiconductor due to an easy diffusion with metallic impurities from the substrate.
Batchelor et al [24] reported that the photovoltaic performance of solar cells is strongly Figure S2 . It can be observed that both BL-01 and BL-02 stacks are able to reduce the initial substrate roughness over 40% and 50% ca, respectively.
Regarding the roughness evolution during the different deposition steps, the novel solgel formulation is the key to improve the surface levelling since it reduces the roughness. Nevertheless, the application of the SiO x layer by PECVD technique is also crucial since it leads to a dense SiO x layer that filled up the possible defects forming during the sol-gel annealing stage, such as scratches or small grooves. The SiO x layer deposited by PECVD is also needed to obtain the optimum barrier layer thickness for electrical insulation without structural damage. A PECVD layer is therefore sandwiched in between two sol-gel layers, ensuring adhesion between them. It is known that the substrate surface properties affect the microstructure of the subsequent thin film layer, such as Mo layer grown on the SiOx stacks. XRD was used to verify that the barrier layer did not affect significantly the microstructure of the upper layer. In Figure S3 , the XRD pattern of a Mo layer deposited on BL-01 and BL-02 stacks was compared with that of a Mo layer stacked on a standard glass substrate. It shows, additional peaks corresponding to reflections from the SiO x structure in BL-01 and BL-02. However, Mo presented the same reflections in all the samples, showing a well-defined Mo microstructure with a strong (110) orientation, which has been reported as the preferential orientation for the back contact used in world record efficiency thin film photovoltaic technologies. [20] It was concluded that the crystalline structure and quality of the solar cell should not be influenced by the proposed barrier stacks presented in this work, since there were no significant changes in the Mo growth compared to soda-lime glass.
Barrier against impurities from steel substrate
Recent publications [5, 10] have reported that the diffusion of transition metallic elements (such as Fe, Ni or Cr ) from the metallic substrate in the semiconductor structure may cause the failure of the solar cell, mainly due to a reduction of the fill factor. In order to evaluate the ability of the SiO x structures to block the diffusion of undesired atoms such as Fe, Mn, Cr and Ni from the stainless steel, XPS measurements as well as SIMS analysis were carried out. Since element diffusion is favored at high temperatures, these studies were performed on the samples before and after a thermal annealing at 550˚C (simulating the conventional annealing treatment needed to create CIGS or CZTS absorber layers).
The XPS spectra of the Mo surface on BL-01 and BL-02 is shown in Figure 3A . Survey spectra show that all samples have the same composition on the surface after thermal annealing. Two contributions from different Mo oxidation states (Mo and MoO 6 ) can be distinguished. On the other hand, no signal from transition metals was detected.
However, this lack of any impurities on the Molydenum surface did not imply that the SiO x stacks blocked completely the element diffusion. SIMS was used to assess the quality of the SiO x stacks as blocking layers. Figure 3B and 3C show the chemical depth profile of these samples. Note that the low signal from metallic atoms (Fe, Cr and Ni) along the back contact layer cannot be distinguished from the background noise signal of the instrument. Other important feature includes the double peak in the Mo signal, corresponding to Mo bilayer followed by the Si signal from the barrier layer.
Therefore, it was concluded that the BL-01 and BL-02 SiOx stacks fulfilled the metallic impurities barrier requirement. The leakage current was measured at different DC-voltage levels, keeping 60 s between two consecutive values, and the breakdown voltage was estimated as the voltage at which the current increased abruptly (Figure 5 left) . As expected the breakdown voltage increased from 943V to 1169V when the most sophisticated and thicker barrier structure (BL-02) was employed ( Figure 5 right) . However, since both structures had similar breakdown voltage values, the bilayer structure (BL-01) supported a higher electric field across the barrier layer because some of the charge carriers that are forced through the barrier layer were trapped in impurities or interfaces defects. [27] Neither of these electrical insulation levels was achieved when rough stainless steel was covered only with a single SiO x layer deposited by PECVD or sol-gel. Additionally, the performance of both barrier layer structures was tested after mechanical stress. 28, 29 BL-01 and BL-02 were subjected to a bending test using the method discussed in the supporting information ( Figure S4 ). The breakdown voltage was measured as a function of the bending radius ( Figure S4 .C). Negligible variation on the breakdown voltage of the samples is observed when they were strained. The samples were also examined by optical microscopy and no evidence of cracks or surface deformation after the mechanical stress test was observed. Moreover, a cyclic fatigue test was also carried out at the minimum bending radius showing no change in the breakdown voltage of the samples after 500 cycles at maximum curvature radius.
Finally, we can conclude that BL-01 is the most suitable barrier layer structure for thinfilm PV technology. Both stacks exhibited a similar morphology and dielectric properties but the fabrication process of the BL-01 stack involves two steps instead of three, which means a significant manufacturing cost reduction.
CONCLUSIONS
Dielectric barrier stacks based on a hybrid process (sol-gel/PECVD) have been manufactured on low cost 'rough' AISI430 stainless steel substrates, using a novel solgel formulation process. It has been demonstrated that these barrier stacks fulfilled the functionalities for thin-film photovoltaic on metallic substrate substrates: a significant reduction of the surface roughness, no impact on the back contact microstructure, no diffusion of transition metals (Fe, Ni, Cr) into the semiconductor stack, and electrical insulation between the back contact solar cell electrode and the metallic substrate. It can be seen in figure S1 , the thickness of both structures was ca. 3 and 5 µm, respectively which fulfill the thickness requirements of the barrier layer. The surface topography of the stainless steel before and after barrier layer deposition was studied and it is displayed in Figure S2 . One can observe the presence of streaks on the uncoated steel surface ( Figure S2 .A) due to the rolling process. Such surface topography was drastically smothered when the steel was coated with the SiOx stack ( Figure S2.B) . Figure S3 shows XRD patterns of the Mo layer deposited on glass and steel coated with BL-02 structure. From these XRD it is clear that the insertion of the barrier layer did not influence the deposition of the Mo layer, since the pattern of Mo grown on the BL-02 structure had the same diffraction peaks as those of the Mo on the glass. 
Dielectric performance of the barrier layer
To assess the impact of mechanical stress on the sample quality, selected samples were subjected to both manual compression and tensile bending ( Figure S4 .A). Each sample was placed surface down to induce compressive strain and surface up to apply tensile strain ( Figure S4.B) . Figure S4 .C shows the breakdown voltage measured for BL-01
and BL-02 samples after applying different bending radii. Although the bending strain was increased, the breakdown voltage of both structures remained almost unchanged.
The optical microscopy results showed no evidence of cracks or surface deformation after the stress test was found. This characterization was also performance after 500 cycles at the minimum bending radius leading to the same conclusion: this process did not provoke any observable change in the electrical properties of the barrier layers. Figure S4 . A) Images illustrating application of bending force for different bending radius. B) Schematic illustration of the measurement configuration for the bending test.
C) Effect of the applied bending radius on the Breakdown voltage under tensile (Grey dots) and compressive (red dots) strain conditions.
